Mitochondrial morphology is dynamically remodeled by fusion and fission in cells, and dysregulation of this process is closely implicated in tumorigenesis. However, the mechanism by which mitochondrial dynamics influence cancer cell survival is considerably less clear, especially in hepatocellular carcinoma (HCC). In this study, we systematically investigated the alteration of mitochondrial dynamics and its functional role in the regulation of autophagy and HCC cell survival. Furthermore, the underlying molecular mechanisms and therapeutic application were explored in depth. Mitochondrial fission was frequently upregulated in HCC tissues mainly due to an elevated expression ratio of DNM1L to MFN1, which significantly contributed to poor prognosis of HCC patients. Increased mitochondrial fission by forced expression of DNM1L or knockdown of MFN1 promoted the survival of HCC cells both in vitro and in vivo mainly by facilitating autophagy and inhibiting mitochondria-dependent apoptosis. We further demonstrated that the survival-promoting role of increased mitochondrial fission was mediated via elevated ROS production and subsequent activation of AKT, which facilitated MDM2-mediated TP53 degradation, and NFKBIA-and IKK-mediated transcriptional activity of NFKB in HCC cells. Also, a crosstalk between TP53 and NFKB pathways was involved in the regulation of mitochondrial fission-mediated cell survival. Moreover, treatment with mitochondrial division inhibitor-1 significantly suppressed tumor growth in an in vivo xenograft nude mice model. Our findings demonstrate that increased mitochondrial fission plays a critical role in regulation of HCC cell survival, which provides a strong evidence for this process as drug target in HCC treatment.
Increased mitochondrial fission promotes autophagy and hepatocellular carcinoma cell survival through the ROS-modulated coordinated regulation of the NFKB and TP53 pathways 
Introduction
Mitochondria are highly dynamic, constantly changing their morphology to satisfy the variable need of cells and adapt to the cellular environment. Morphologically, the mitochondrial network exists as mixed structures of long interconnected tubules with short isolated dot-like spheres, which is precisely regulated by 2 opposing processes: fusion and fission. 1 Highly conserved dynamin-related GTPases have been identified as the primary regulators of mitochondrial dynamics. 1 Notably, DNM1L (dynamin 1-like) and FIS1 (fission, mitochondrial 1) are essential for mitochondrial fission, whereas MFN1 (mitofusin 1) and MFN2 and OPA1 (optic atrophy 1 [autosomal dominant]) are required for mitochondrial fusion. The dynamic nature of mitochondrial network is thought to be important for intermixing of DNA and proteins between mitochondria and for rapid repair of damaged mitochondria. 2 Recently, cumulative evidence is beginning to reveal the close links between cancers and unbalanced mitochondrial dynamics. Several studies have reported that the expression of mitochondrial dynamic proteins such as DNM1L, MFN1 and MFN2 is dysregulated in human cancers of lung, bladder and breast. [3] [4] [5] Moreover, a significant association has been observed between the clinical prognosis of lung cancer patients and abnormalities in proteins that govern mitochondrial dynamics. 6 Importantly, several studies have shown that the disruption of the mitochondrial network exhibits a considerable effect on the apoptosis of cancer cells, including lung, bladder and colon cancers. 3, 4, 7 However, to date, the molecular mechanisms by which dysregulated mitochondrial dynamics affect cancer cell survival remain largely to be elucidated and represent a major research challenge. Autophagy, a lysosome-dependent proteolytic pathway, enables cells to sequester portions of cytosol or damaged and surplus organelles into autophagosomes and degrade them in autolysosomes. 8 More and more studies support that autophagy is also a critical adaptive effect for tumor cells to survive different stresses by eliminating damaged mitochondria, controlling reactive oxygen species production, and reducing apoptosis. 9, 10 Recently, mitochondrial fission has been linked to both mitophagy (mitochondrial autophagy) and global autophagy in mouse embryonic fibroblasts, human fibroblasts and cardiac cells. [11] [12] [13] However, it is still unclear whether mitochondrial fission induces autophagy, as well as what their combined effects may be on apoptosis in cancer cells.
In most mammalian cells, mitochondria are a major source of reactive oxygen species (ROS), which are generally elevated in cancer cells and functionally act as essential signaling molecules in the regulation of the autophagy and tumor development. 14, 15 A previous study has shown that the sustained fragmentation of mitochondria in human immortalized fibroblasts is associated with increased ROS production, 13 which is also observed in a lung cancer cell model with increased DNM1L induced by cytoplasmic irradiation. 16 However, we still do not know precisely how mitochondrial dynamics can be integrated into those ROS-related signaling pathways involved in cell survival.
In the present study, we systematically investigated the alteration of mitochondrial dynamics in HCC cells and their functional roles in the regulation of autophagy and cell survival. More importantly, the underlying molecular mechanisms and therapeutic application were explored in depth. Our study facilitates our understanding of the pathological roles played by mitochondrial dynamics and provides a strong evidence for a novel strategy targeting proteins of the mitochondrial fission machinery, in HCC treatment.
Results

Mitochondrial fission is frequently upregulated in HCC cells and significantly contributes to poor patient prognosis
To investigate the alterations of mitochondrial dynamics in human HCC cells, we examined mitochondrial morphology in paired HCC tissues using transmission electron microscopy (TEM). Our results showed a significantly lower average mitochondrial length (a typical indicator of mitochondrial fission) in HCC tissues than in adjacent nontumor tissues (Fig. 1A) . Furthermore, western blot analysis for mitochondrial dymamic mediators DNM1L, FIS1, MFN1, MFN2 and OPA1 ( Fig. 1B and S1A ) demonstrated that the mitochondrial fission protein DNM1L was remarkably upregulated and the mitochondrial fusion protein MFN1 was downregulated in HCC tissues when compared with nontumor tissues. In addition, a consistent pattern of mRNA expression was also observed by qRT-PCR ( Fig. 1C and S1B ). Immunohistochemical staining analysis in a large cohort of 128 HCC patients further confirmed the above-mentioned results (Fig. 1D) . Finally, we found that HCC patients with high DNM1L expression, low MFN1 expression or high expression ratio of DNM1L to MFN1 had a significantly poorer overall survival than those with low DNM1L expression, high MFN1 expression or low expression ratio of DNM1L to MFN1, respectively (Log rank P D 0.024, 0.017 and 0.007, respectively, Fig. 1E to G).
Mitochondrial fission promotes the mitochondrial function and survival of HCC cells both in vitro and in vivo
To explore the effect of mitochondrial dynamics on cell survival, in vitro viability and in vivo growth of HCC cell lines with different mitochondrial networking status was assessed. Considering that TP53/TRP53/p53 (note that the mouse gene nomenclature is TRP53, but we use TP53 to refer to both the human and mouse genes or proteins (TP53) for simplicity) is frequently mutated and plays important role in cell survival, HCC cells with both wild-type TP53 (Bel7402 and SMMC7721) and TP53 point mutations (Huh-7:Y220C and MHCC97L: R249S) were selected for the establishment of mitochondrial fission cell models ( Fig. S2A to E) . MitoTracker Green staining analysis indicated that mitochondrial elements became significantly elongated and interconnected in both Bel7402 and Huh-7 cells with DNM1L knockdown or MFN1 overexpression when compared with those in control cells ( Fig. 2A and S3A ). In contrast, the percentage of fragmented mitochondria was remarkably increased in both SMMC7721 and MHCC97L cells with DNM1L overexpression or MFN1 knockdown ( Fig. 2B and S3B ). To assess whether mitochondrial fission is required for the maintenance of mitochondrial homeostasis, mitochondrial functional parameters were measured in HCC cells with DNM1L knockdown or DNM1L overexpression. As shown in Fig. 2C , our data indicated that DNM1L knockdown significantly induced the depolarization of mitochondrial membrane potential when compared with the control group. In contrast, DNM1L overexpression exhibited an opposite results in HCC cells upon treatment with CCCP (an uncoupler of oxidative phosphorylation). Moreover, oxidation consumption rate was significantly inhibited by DNM1L knockdown while DNM1L overexpression exhibited an opposite effect (Fig. 2D ). All these results indicate that mitochondrial fission notably promotes mitochondrial function in HCC cells.
Furthermore, cell viability was significantly decreased in HCC cells with DNM1L knockdown or MFN1 overexpression, while it was remarkably increased in those with DNM1L overexpression or MFN1 knockdown, no matter what the TP53 mutation status is ( Fig. 2E and S3C ). We next examined the effect of altered mitochondrial fission on tumor growth in vivo by constructing xenograft nude mice model using HCC cell lines with stable DNM1L knockdown or overexpression (Fig. S3D) . As shown in Figure S3E , TEM analysis for Bel7402 and SMMC7721 xenograft tumors demonstrated that DNM1L knockdown significantly inhibited mitochondrial fission and mitochondrial number while DNM1L overexpression exhibited an opposite effect, which is highly consistent with those obtained from cell models and provided further evidence for mitochondrial fission. Moreover xenograft tumors developed from Bel7402 cells with stable DNM1L knockdown exhibited a significant decrease in growth capacity when compared with control tumors (P D 0.005), whereas the growth capacity of xenografts developed from SMMC7721 cells with stable DNM1L overexpression were much higher than controls (P D 0.007, Fig. 2F ).
Increased mitochondrial fission inhibits mitochondriadependent apoptosis
To elucidate the detailed mechanism underlying the effect of mitochondrial fission on cell survival, we first assessed the functional role of DNM1L and MFN1 in apoptosis of HCC cells with different TP53 mutation statuses. The percentages of total (both early and late) apoptotic cells were significantly higher in both Bel7402 and Huh-7 cells with DNM1L knockdown or MFN1 overexpression than those in control cells ( Fig. 3A and S4A) . Furthermore, the increased mitochondrial fission by DNM1L overexpression or MFN1 knockdown remarkably inhibited CCCP-induced apoptosis in both SMMC7721 and MHCC97L cells ( Fig. 3B and S4B ). Moreover, CYCS (cytochrome c, somatic) release and the cleavage of CASP9 (caspase 9) and CASP3 were significantly induced by DNM1L knockdown while all of them were remarkably inhibited by DNM1L overexpression upon CCCP treatment (Fig. 3C and D, as well as S4C and D). Additionally, cell apoptosis induced by DNM1L knockdown was significantly attenuated by the treatment with an apoptosis inhibitor (Z-VAD-FMK), suggesting that apoptosis is the main mechanism of cell death mediated by DNM1L inhibition (Fig. 3E and S4E ). We further confirmed the protective role of mitochondrial fission against apoptosis in xenograft tumor models. When compared with control, those xenografts developed from Bel7402 cells with DNM1L stable knockdown exhibited a marked increase of positive TUNEL staining (Fig. 3F) . In contrast, forced expression of DNM1L significantly reduced the positive TUNEL staining in xenografts developed from SMMC7721 cells (Fig. 3G) . Increased mitochondrial fission affects apoptosis of HCC cells through coordinately regulating the NFKB and TP53 pathways
To investigate the molecular mechanism by which increased mitochondrial fission regulates apoptosis of HCC cells, we examined the expression levels of several key proteins involved in the regulation of apoptosis. Western blot analysis showed that the antiapoptotic molecules BCL2 and BCL2L1/BCL-XL were significantly decreased in Bel7402 cells with DNM1L knockdown, when compared with those in control cells. In contrast, overexpression of DNM1L exhibited an opposite effect (Fig. 4A) . In addition, our data further indicated that phosphorylation of BCL2 was similarly affected by DNM1L (Fig. S5A) . Considering the critical roles of the TP53 and NFKB pathways in the regulation of cell apoptosis, we further investigated whether mitochondrial fission regulates both pathways to affect the expression of above-mentioned molecules in HCC cells. Western blot analysis showed that DNM1L knockdown significantly inhibited the transport of RELA (a key subunit of NFKB) from cytoplasm to nucleus and promoted TP53 expression in Bel7402 cells. As expected, DNM1L overexpression clearly exhibited an opposite effect in SMMC7721 cells (Fig. 4A) .
We next investigated the functional role of NFKB and TP53 pathways in HCC cell survival regulated by mitochondrial fission. Nuclear transport of active RELA was inhibited by a specific NFKB inhibitor, Bay11-7082, in SMMC7721 cells (Fig. 4B ). Our data also showed that Bay11-7082 treatment significantly decreased the expression of BCL2, BCL2L1, and increased the expression of cleaved CASP9 and CASP3 in SMMC7721 cells (Fig. 4B) . Moreover, SMMC7721 cells treated with Bay11-7082 exhibited a significantly increased apoptosis. (Fig. 4C and S5B ). In addition, overexpression of TP53 exhibited a very similar effect with Bay11-7082 treatment on the expression of apoptosis-related key molecules as well as on DNM1L-mediated cell apoptosis (Fig. 4D, 4E and S5C ). In addition, the treatment with obatoclax, an inhibitor of BCL2 family members, significantly increased levels of cleaved CASP3 and cleaved CASP9 when compared with control groups (Fig. 4F ), further demonstrating that BCL2 and BCL2L1 play an important role in activation of caspases induced by DNM1L-mediated mitochondrial fission. To provide further supporting evidence, we detected the expression levels of TP53 and nuclear RELA in the same panel of HCC tissue samples (Fig. S5D) . Spearman rank correlation analysis indicated a negative significant correlation between immunohistochemistry (IHC) scores of DNM1L and TP53 (r D ¡0.287, P D 0.001) and a significant positive correlation between DNM1L and nuclear RELA (r D 0.328, P<0.001) (Fig. 4G) . Collectively, our data demonstrate that increased mitochondrial fission inhibited apoptosis through coordinately regulating NFKB and TP53 pathways.
Inhibition of apoptosis by increased mitochondrial fission is alternatively regulated by activation of autophagy
A series of studies have demonstrated that autophagy can protect cells by preventing them from apoptosis. 17, 18 We thus clarified whether autophagy plays a critical role in mitochondrial fission-mediated inhibition of HCC cell apoptosis. Western blot analysis showed that DNM1L knockdown or MFN1 overexpression significantly reduced the expression level of BECN1/Beclin1 and LC3B-II, markers of autophagy, and increased the expression of SQSTM1/p62, a receptor and substrate protein degraded by autophagy, in HCC cells (Fig. 5A ).
In contrast, DNM1L overexpression or MFN1 knockdown remarkably increased the expression level of BECN1 and production of LC3B-II, and reduced the expression level of SQSTM1 (Fig. 5B) . Moreover, GFP-LC3B fluorescence analysis was used to further evaluate the effect of DNM1L on autophagosome formation. Our data indicated that Bel7402 cells with DNM1L knockdown had significantly less GFP-LC3B dots than control cells, whereas SMMC7721 cells with DNM1L overexpression had more accumulation of GFP-LC3B dots ( Fig. 5C and 5D ). Most of GFP-LC3B dots did not overlap with mitochondria indicated by MitoTracker Red, suggesting a global autophagy, but not specific mitophagy. We further evaluated the mitophagic flux by detecting the expression of mitophagy-specific markers PINK1 and PARK2 (Parkin) in HCC cells. As shown in Fig. 5A and 5B, our results showed that both DNM1L and MFN1 have no notable effect on the expression level of PINK1 and PARK2 as well as mitochondrial translocation of PARK2 in HCC cells, which provided further evidence supporting the absence of mitophagic flux in our cell models. All these results support the idea that mitochondrial fission promotes global autophagy in HCC cells.
Mounting evidence has shown that the NFKB and TP53 pathways play central roles in regulation of autophagy. Therefore, it is reasonable to hypothesize that the activation of autophagy by mitochondrial fission may be mainly mediated by both pathways in HCC cells. Western blot analysis showed that both treatment with NFKB inhibitor Bay11-7082 and TP53 overexpression considerably suppressed the DNM1L-induced autophagy in SMMC7721 cells (Fig. 5E) . Moreover, cell viability in both Bel7402 with DNM1L knockdown and SMMC7721 with DNM1L overexpression was significantly decreased upon treatment with the autophagy inhibitor 3-MA (Fig. 5F ). Additionally, BECN1 overexpression in Bel7402 cells with DNM1L siRNA transfection remarkably affected the expression level of autophagy-related proteins and increased cell viability when compared with the control group. In contrast, BECN1 knockdown in SMMC7721 cells with DNM1L overexpression exhibited an opposite effect ( Fig. 5E and F, as well as S6A). Furthermore, the treatment with 3-MA remarkably facilitated the induction of apoptosis in HCC cells with different DNM1L expression status ( Fig. 5G and S6B and C). Taken together, our data suggest an alternative regulation mechanism by which mitochondrial fission promotes the activation of autophagy and thus inhibits the apoptosis of HCC cells.
Crosstalk between the TP53 and NFKB pathways is involved in the regulation of cell survival by mitochondrial fission
Comprehensive investigations have demonstrated that crosstalk between the TP53 and NFKB pathways occurs at multiple levels and is considered as a highly context-specific event. 19, 20 Therefore, we explored whether mitochondrial fission induced the cross-regulation of the NFKB and TP53 pathways and thus promoted HCC cell survival. As shown in Fig. S7A , the inhibition of NFKB activity by Bay11-7082 significantly increased the expression of TP53 and thus reversed the DNM1L-mediated TP53 downregulation. Equally, the forced expression of TP53 significantly inhibited the nuclear translocation of RELA and thus remarkably reduced the DNM1L-mediated activation of NFKB (Fig. S7B) . Furthermore, the reciprocal regulation of TP53 and NFKB was further confirmed in Hep3B cells with deletion of the TP53 gene, by exogenously re-expressing TP53. As shown in Fig. S7D , treatment with Bay11-7082 significantly inhibited the nuclear translocation of RELA and thus considerably upregulated the expression level of TP53 in Hep3B cells with or without DNM1L overexpression (Fig. S7C) when the TP53 expression vector was transfected. Similarly, the inhibitory effect of exogenous TP53 expression on DNM1L-mediated activation of NFKB was also clearly observed in Hep3B cells (Fig. S7D) . Furthermore, our data showed that simultaneous inhibition of NFKB and exogenous TP53 expression significantly promoted cell apoptosis, and reduced autophagy. Importantly, the effect of DNM1L-mediated mitochondrial fission on autophagy and apoptosis can be remarkably reversed by both treatments in Hep3B cells (Fig. S7E and Fig. S7F ).
Increased mitochondrial fission regulates the activity of NFKB and TP53 through the ROS-modulated AKT-IKK-NFKBIA and AKT-MDM2 pathways Mitochondria are a major source of intracellular reactive oxygen species (ROS), which functions as second messengers to regulate many key signaling pathways, such as NFKB and TP53. Therefore, we hypothesized that ROS-mediated specific pathways may be involved in the regulation of NFKB and TP53 activity by mitochondrial fission in HCC cells. Flow cytometry analysis indicated that DNM1L knockdown or MFN1 overexpression significantly reduced the production of ROS, whereas DNM1L overexpression or MFN1 knockdown significantly elevated the ROS levels ( Fig. 6A and S8A ). Cell survival in the context of oxidative stress is attributed in part to the activation of the AKT signaling pathway, which is important for MDM2-mediated TP53 degradation and NFKB activition. 21, 22, 23 Thus, we explored whether mitochodrial fission regulates both TP53 and NFKB pathways by ROS-mediated activation of AKT and its target molecules. As expected, DNM1L knockdown or MFN1 overexpression significantly decreased the level of p-AKT and its target molecules p-MDM2 and p-IKK and upregulated the expression level of NFKBIA in Bel7402 cells, whereas DNM1L overexpression or MFN1 knockdown exhibited an opposite effect in SMMC7721 cells (Fig. 6B ).
To further demonstrate the critical role of ROS in mitochondrial fission-mediated AKT activation and subsequent regulation of the TP53 and NFKB pathways, we changed the ROS levels by treatment with H 2 O 2 and NAC (a ROS scavenger) (Fig. S8B) . Western blot analysis showed that H 2 O 2 treatment significantly increased the protein levels of p-AKT and p-MDM2, and decreased the expression of TP53. In contrast, ROS elimination by NAC exhibited an opposite effect. In addition, we clearly observed that the effect of DNM1L knockdown and overexpression on TP53 expression was significantly reversed by H 2 O 2 and NAC treatment, respectively ( Fig. 6C  and D) . Similarly, the influence of ROS on the DNM1L-mediated activation of NFKB pathway was also observed. As shown in Fig. 6E and F, our data showed that the p-IKK were increased and followed by the degradation of NFKBIA and nuclear translocation of RELA upon exposure to H 2 O 2 . In contrast, the opposite effect was obtained upon treatment with NAC. Collectively, all our findings indicate that increased mitochondrial fission coordinately increased the activity of NFKB and degradation of TP53 through the ROS-modulated AKT-IKK-NFKBIA and AKT-MDM2 pathways.
The DNM1L inhibitor Mdivi-1 exhibits a therapeutic effect on HCC in vitro and in vivo
To explore the therapeutic role of Mdivi-1 (a DNM1L selective inhibitor) on HCC, we first investigated the effect of Mdivi-1 on mitochondrial fission and cell survival. Our results showed that treatment with Mdivi-1 significantly increased the percentage of Bel7402 and Huh-7 cells with elongated mitochondria and considerably reduced the viability of both Bel7402 and Huh-7 cells (Fig. 7A and 7B) . Flow cytometry analysis demonstrated that Mdivi-1 treatment significantly promoted apoptosis in both Bel7402 and Huh-7 cells (Fig. 7C and Fig. S9 ). We then tested the in vivo effect of Mdivi-1 treatment on tumor growth. Our results indicated that Mdivi-1 injection significantly inhibited the growth of xenograft tumors developed from Bel7402 cells (Fig. 7D) . In addition, we observed that there was a significant increase of positive TUNEL staining cells in xenograft tumors treated with Mdivi-1 (Fig. 7E) . Taken together, our data suggest that the inhibition of mitochondrial fission by the DNM1L selective inhibitor Mdivi-1 may become a promising novel therapeutic strategy for HCC.
Discussion
Mitochondrial morphology is regulated by continuous fusion and fission events that are essential for maintaining a normal mitochondrial function. Deregulated mitochondrial dynamics are implicated in many disorders. 24 In the present study, we discovered a clear shift of mitochondrial dynamics from fusion to fission in HCC cells, which can be explained by upregulated DNM1L and/or downregulated MFN1. In contrast, other regulators of mitochondrial dynamics such as FIS1, MFN2 and OPA1 had no significant differences in expression. These findings may be explained by the fact that mitochondrial dynamic regulation is very complicated and diverse regulatory mechanisms exist in different diseases. 24 For example, Rehman et al. have reported that DNM1L is upregulated and MFN2 is downregulated in lung cancer cells, while OPA1 is not changed. 3 Moreover, the identification of poor clinical outcomes in HCC patients with pro-fission signature highlights the translational relevance of our findings. While a similar increase in mitochondrial fission due to increased DNM1L and decreased MFN2 has been reported in lung cancer cells. 3 The upregulated expression of DNM1L and subsequent increased mitochondrial fission has also been reported in breast cancer cells with increased metastatic abilities. These observations support the interpretation that dysregulated mitochondrial dynamics in cancer cells can contribute to tumor progression.
During recent years, the expanding field of mitochondrial network biology has drawn much interest, as it is becoming clear that the network state has a significant effect on cell survival. In the present study, based on both cell models with altered mitochondrial fission by up-or downregulating MFN1 or DNM1L, we found that increased mitochondrial fission significantly promoted HCC cell survival by increasing autophagy and resistance to apoptosis. Consistent with our findings, previous studies have reported that mitochondrial fission induced by DNM1L overexpression or MFN1 knockdown is involved in the apoptosis resistance of both cancer and nonmalignant cells. For example, the apoptotic efficacy of ceramide, which causes a Ca 2C -dependent perturbation of mitochondrial structure and function, is drastically reduced in DNM1L-overexpressing HeLa cells. 25 Consistently, DNM1L knockdown and/or MFN2 overexpression significantly enhances spontaneous apoptosis in vitro and in vivo in several cancer types, including colon, breast and lung cancers. 3, 7, 26 In addition, DNM1L downregulation or MFN2 overexpression induces mitochondrial elongation, accumulation of damaged mitochondria, and increased apoptosis in cardiomyocytes. 11, 27 Mitochondrial fission is also believed to be an early event during apoptosis, since collapse of mitochondrial membrane potential during apoptosis induces mitochondrial fission. 28 However, it is still unclear whether mitochondrial fission induced by a mitochondrial membrane potential defect plays an active role in the intrinsic pathway of apoptosis or whether it is simply an epiphenomenon. 29 Besides apoptosis, mitochondrial fission is also a quick direct consequence of inner membrane depolarization induced by CCCP. 28 In our study, mitochondrial fission was induced by DNM1L overexpression or MFN1 knockdown, which maintains normal mitochondrial membrane potential and function and thus is totally different from those induced by mitochondrial membrane depolarization during CCCP-induced apoptosis.
A body of evidence has indicated that mitochondrial fission appears to be a prerequisite for mitophagy both in mammal and yeast cells. 12, 30 Moreover, mitochondrial fission is important in mediating global autophagy in cardiomyocytes under glucose deprivation, 11 which protects heart cells against energy stress. Similar results have also been demonstrated in cancer- associated myofibroblasts and a neuroblastoma cell line as a model for Parkinson disease. 13, 31 Consistently, our results indicated that abnormally elevated mitochondrial fission induced a robust ROS production to activate the global autophagy, rather than only specific mitophagy, to function as an alternative mechanism underlying the inhibition of apoptosis in HCC cells. Our data showed that both DNM1L and MFN1 have no notable effect on the expression level of PINK1 and PARK2 in HCC cells, which provided further evidence supporting the absence of mitophagic flux in our cell models. However, several studies in mouse embryonic fibroblasts and insulinoma b-cells also indicate that inhibition of mitochondrial fission only results in reduction of mitophagy but not nonspecific global autophagy. 12, 32 We speculated that, under cellular stresses, such as glucose deprivation or tumorigenesis, mitochondrial fission is more likely to induce a consistent constitutive global autophagy to promoted cell survival by degrading redundant or damaged proteins and organelles.
It has been reported that the binding of BCL2 homologs to the BH3 domain of BECN1 prevents the assembly of an autophagy-competent complex and thus inhibits BECN1-induced autophagy. However, in some conditions, the BECN1-BCL2 homolog interaction can be disrupted by phosphorylation of BCL2, which results in the assembly of an autophagycompetent complex and apoptosis resistance. 33 Moreover, previous studies have shown that many kinases such as the IKK complex, MAPK1/ERK2-MAPK3/ERK1, and PRKC can induce phosphorylation of BCL2 and thus potentially regulate the dissociation of the BCL2-BECN1 complex. [34] [35] [36] [37] In the present study, we demonstrated that increased mitochondrial fission not only induced BCL2 expression to play an antiapoptosis role but also promoted phosphorylation of BCL2 and thus lost its inhibitory function on BECN1-induced autophagy, which is compatible with another finding that mitochondrial fission promotes global autophagy by upregulating BECN1 in HCC cells.
Mitochondria are an important source of ROS within most mammalian cells. In general, moderate levels of ROS may function as signals to promote cell proliferation and survival, whereas an abnormal increase of ROS could induce cell death. 38 ROS regulate the level of cell autophagy. 39 Yu et al. have demonstrated that mitochondrial fission plays an important role in ROS production of cardiovascular cells. 40 Consistently, we also observed a promoting effect of increased mitochondrial fission on ROS production in HCC cells. Moreover, we found that elevated ROS inhibit cell apoptosis by activating AKT pathway and promotes global autophagy through upregulating BECN1. Previously, elevated oxidative status has been found in many types of cancer cells. A body of evidence indicates that ROS play central roles in the key intracellular signal transduction pathways, which contributes to tumorigenesis.
14 For example, it has been demonstrated that hydrogen peroxide can reversibly inhibit the tumor suppressor PTEN, thus resulting in the activation of the PI3K-AKT pathway, which has been widely reported in many kinds of cancers, including HCC.
14 Our previous study has demonstrated that AKT-mediated phosphorylation of MDM2 promotes the ubiquitination and degradation of TP53 in HCC cells. Therefore, the current study further demonstrated that the AKT-MDM2-TP53 pathway could also be induced by increased mitochondrial fission and subsequent ROS production in HCC cells. In addition, the NFKB pathway, which is typically activated by NFKBIA release from the inactive complex via IKK-mediated NFKBIA phosphorylation, transcriptionally controls a large set of target genes and is frequently activated in many kinds of cancers, including HCC. 41 Induction of IKK phosphorylation and subsequent NFKB activation by AKT has been observed in HCC cells both in vivo and in vitro. 42, 43 Consistently, our study provided first evidence that AKT-mediated activation of NFKB can be induced by mitochondrial fission. We further demonstrated that the crosstalk between NFKB and TP53 induced by increased mitochondrial fission is critical for survival of HCC cells. This crosstalk is also evidenced in tumor cells treated with TNF. 44 In addition, studies have documented that mutation of the TP53 gene is a common genetic change in HCC, present in about 30% of cases. 45 Moreover, our study also confirmed the similar effect of mitochondrial fission on cell survival in 2 HCC cells (Huh-7 and MHCC97L) with common TP53 point mutations, although only the activation of the NFKB pathway is possibly involved in MHCC97L cells, with mutation at TP53 codon 249 leading to loss of transcription activity. 46 In the present study, we established HCC cell models with altered mitochondrial fission by up-or downregulating DNM1L or MFN1 to demonstrate the functional roles of mitochondrial fission in HCC. However, we cannot totally exclude the possibility that DNM1L or MFN1 alone, more than mitochondrial fragmentation, could lead to the tumor-resistance effects. Moreover, we recognize that a biochemical way of inducing fission without affecting any other aspect of cell function still needs direct evidence, which is not currently available. The mitochondrial division inhibitor Mdivi-1 is a derivative of quinazolinone and a selective inhibitor of mitochondrial fission. It blocks the self-assembly of DNM1L and causes the rapid and reversible formation of netlike mitochondria in wildtype cells. 47 Due to its safety and protective benefits shown in vitro and in vivo, Mdivi-1 has been supposed to represent a novel class of therapeutics for stroke, myocardial infarction, neurodegenerative diseases and cancers. 3, [48] [49] [50] In the present study, our data clearly showed that Mdivi-1 treatment robustly increased the apoptosis of HCC cells both in vitro and in vivo. In agreement with this result, cell apoptosis induced by Mdivi-1 has been reported in human ovarian, breast cancer cell lines and xenograft models of lung cancer.
3,51,52 Therefore, these findings raise the interesting possibility that Mdivi-1 may represent therapeutics for human cancers.
In summary, our findings demonstrate that mitochondrial fission is frequently upregulated in HCC tissues, which contributed to poor prognosis of patients. Increased mitochondrial fission plays a critical role in regulation of HCC cell survival by promoting autophagy and resistance to apoptosis, which was mediated through ROS-mediated AKT activation and subsequent coordinated regulation of the TP53 and NFKB pathways (Fig. 7F) . Moreover, treatment with the mitochondrial division inhibitor midiv-1 significantly suppressed in vivo tumor growth, suggesting a potential novel treatment strategy for HCC.
Materials and methods
Cell culture and tissue collection
Human HCC cell lines Bel7402 and SMMC7721 were routinely cultured in RPMI-1640 medium supplemented with 10% FBS. Huh-7, MHCC97L and Hep3B were maintained in DMEM supplemented with 10% FBS. In addition, 128 tissue samples from HCC patients were collected at Xijing Hospital affiliated with the Fourth Military Medical University in Xi'an, China. The eligibility criteria for HCC patient recruitment were set as follows: (1) histologically-confirmed hepatocellular carcinoma (HCC); (2) receiving surgical resection; (3) availability of complete clinical and follow-up data; (4) no preoperative anticancer treatment; (5) no history of other malignancy; and (6) alive at least 1 mo after surgery. The demographic information, clinical and follow-up data of each patient was collected by well-trained staff interviewers or clinical specialists and summarized in Table 1 . The latest follow-up date was July 2013 and the median follow-up duration was 22.9 mo (ranging from 2.3 to 45 mo). Overall survival was defined as the time from surgery to HCCspecific death. The study was approved by the Ethics Committee of the Fourth Military Medical University and written informed consent was obtained from all participants.
Knockdown, forced expression of target genes
For the generation of shRNA expression vectors, a small hairpin RNA (shRNA) containing specific sequences targeting the human DNM1L mRNA sequence (5'-CUACUUCCUGAAAA-CAAC-3') was cloned into the pSilenc-er TM 3.1-H1 puro vector (Ambion, AM5768). A control shRNA was also cloned into the pSilenc-er TM 3.1-H1 puro vector, which was used as a silencing negative control. For overexpression, the coding sequences of DNM1L, MFN1 and BECN1 were amplified from cDNA derived from SMMC7721 cells using primers listed in Table 2 and cloned into the pcDNA TM 3.1(C) vector (Invitrogen, V790-20). The expression plasmids for TP53 and the corresponding empty vector were kindly provided by Dr. Lingqiang Zhang (State Key Laboratory of Proteomics, Beijing Proteome Research Center, Beijing Institute of Radiation Medicine, Beijing, China). The expression plasmids for LC3B were kindly provided by Dr. Jian Zhang (Department of Biochemistry and Molecular Biology, The Fourth Military Medical University, Xi'an, China). For transfection, Bel7402, Huh-7, SMMC7721, MHCC97L and Hep3B cells were seeded in 6-well plates to 60% to 80% confluence. Then the vectors were respectively transfected into HCC cells using the Lipofectamine 2000 reagent (Invitrogen, 11668019) according to the manufacturer's instructions. Stable transfectants were generated after selection with G418 (Sigma-Aldrich, A1720) for 3 wk. All siRNAs were synthesized by GenePharma (Shanghai, China). The sequences of siRNA for DNM1L, MFN1 and BECN1 are provided in Table 2 . The siRNAs were transfected with Lipofectamine 2000 (Invitrogen, 11668019) reagent according to the manufacturer's protocol.
Antibodies and reagents
The primary antibodies used in this study and their working concentration are listed in Table 3 . The DNM1L inhibitor Mdivi-1 and NFKB inhibitor Bay11-7082 were purchased from Sigma-Aldrich (M0199 and B5556). The cell-permeating Caspase inhibitor Z-VAD-FMK was purchased from Beyotime Biotechnology (C1202). The BCL2 family inhibitor obatoclax was purchased from Selleck Chemicals (GX15-070).
Quantitative real-time reverse transcription PCR (qRT-PCR)
Total RNA was extracted from cultured HCC cells or human HCC tissue samples using the TRIzol Reagent (Invitrogen. 15596018). Genomic DNA digestion and reverse transcription were performed using the PrimeScript RT Reagent kit with gDNA Eraser (Takara, RR047A) according to the manufacturer's instructions. For the qRT-PCR analysis, cDNA were amplified using a SYBR Green PCR Kit (Takara, 639676). The cycling parameters were 95 C for 15 s, 55 C for 15 s and 72 C for 15 s for 40 cycles. A melting-curve analysis was then performed to check the specificity of PCR. The Ct value was measured during the exponential amplification phase. The relative expression level (defined as fold change) of the target gene was determined using a 2 ¡44CT method. GAPDH was used as an internal control. The expression level was normalized to the fold change detected in the corresponding control cells, which was defined as 1.0. For mRNA expression level of target genes in HCC tissues, the fold change between tumor and adjacent nontumor tissues was log 2 -transformed for further analysis.
Western blot and immunohistochemistry
HCC tissues and cell lines were processed for western blot and IHC as previously described. 22 The band intensity on the western blots was quantified using Quantity One software (Bio-Rad, Hercules, CA). The fold change between tumor and adjacent nontumor tissues were log 2 -transformed for further analysis. For IHC, the expression level of target proteins was independently evaluated by 2 pathologists who were blind to the clinical data, according to the proportion and intensity of positive cells that were determined within 5 microscopic visual fields per slide (200-fold magnification). A proportion score, which represents the estimated proportion of positively stained tumor cells, was assigned as follows: < 10%, 0; 10 to 25%, 1; 26 to 50%, 2; 51 to 75%, 3; and > 75%, 4. An intensity score, which represents the average intensity of the positive tumor cells, was assigned as follows: 0 (no staining), 1 (intensity lower than positive control), 2 (intensity equal to positive control), 3 (intensity higher than positive control), or 4 (significantly strong). The proportion and intensity scores were then multiplied to obtain a total score, which ranged from 0 to 16. A total score of < 2, 2 to < 7, 7 to < 12, and 12 was defined as being negative (¡), weak positive (C), moderate positive (CC), and strong positive (CCC), respectively. PBS buffer: 2 mM KH 2 PO 4 , 10 mM Na 2 HPO 4 , 137 mM NaCl, 2.7 mM KCl, pH 7.4. PBS-Tween buffer: PBS buffer with 0.1 % v/v Tween 20.
Mitochondrial network imaging by electron microscopy and confocal microscopy
Conventional transmission electron microscopy analysis was performed as described previously. 22 In brief, human HCC and xenograft tumor tissues were fixed by glutaraldehyde. Then the specimens were OsO 4 postfixed, alcohol dehydrated, and embedded in araldite. Thin sections were stained with uranyl acetate and lead citrate and analyzed with a Tecnai G2 electron microscope (FEI, cHillsboro, Oregon), at 11500 magnifications. The fluorescent dye MitoTracker green FM (Molecular Probes, M7514) and MitoTracker Red FM (Molecular Probes, M22425) were used to monitor mitochondrial morphology in living cells according to the manufacturer's instructions. Then cells were viewed with an Olympus FV 1000 laser-scanning confocal microscope (Olympus Corporation, Tokyo, Japan). For morphometric analysis, the length of mitochondria was measured using the ImageJ software (NIH, Bethesda, MD). In addition, the number of mitochondria was counted and averaged in 20 cells per sample.
Nude mice xenograft model
Six-wk-old BALB/c nude mice with the average body weight of 18 to 22 g were randomly divided into groups. Xenografts were initiated by subcutaneous injection of 10 7 Bel7402-shCtrl and Bel7402-shDNM1L cells (on the right and left sides, respectively) into the back of nude mice (n D 6) or by SMMC7721-EV and SMMC7721-DNM1L cells (on the right and left sides, respectively) into nude mice (n D 6). Thirty d later, the mice were sacrificed and the tumor nodules were harvested and photograghed. For Mdivi-1 treatment, Mdivi-1 at the dose of 0.75 mg/mice was injected into each tumor twice a week when tumors reached 2 to 3 mm diameter. Equivalent volumes of DMSO (Sigma-Aldrich, D2650) were used as a control therapy. One mo later, the mice were sacrificed. The study was approved by the ethics committee of the Fourth Military Medical University for animal research. Cell viability and apoptosis assays Cell viability was determined by the MTS assay (Promega Corporation, G3581) according to the manufacturer's instructions. Briefly, 1 £ 10 3 HCC cells were plated in each well of a 96-well culture plate. After 12 h, cell viability was measured by addition of 20 ml of MTS (0.2%)-PMS (0.092%; phenazine methosulfate, 20:1) solution and incubation for 2 h. The microplates were read in a spectrophotometer at a wavelength of 490 nm. Each sample was analyzed in triplicate. Cell apoptosis was determined with an ANXA5/annexin V-FITC Apoptosis Detection Kit (BestBio, BB-4101-2) following the manufacturers' instructions. Briefly, HCC cells seeded in 6-well plates were collected and resuspended with 500 mL binding buffer at a concentration of 10 6 cells/mL. After adding 5 mL ANXA5-FITC and 5 mL PI, cells were mixed and incubated at room temperature in the dark for 15 min. The samples were analyzed with a flow cytometer (Beckman, Fullerton, CA). For analysis of apoptosis in xenograft tissues, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay (Roche Applied Science, 11684795910) was performed according to the manufacturer's protocol. Images of TUNEL and DAPI-stained sections were obtained by a fluorescence microscope (DM5000B; Leica, Heerbrugg, Switzerland). Only TUNEL-and DAPI-positive nuclei that were located within tumor tissues were counted as apoptotic nuclei. The apoptosis index was calculated as the percentage of TUNEL-positive nuclei after at least 500 cells were counted. Results were expressed as the mean number of TUNEL-positive apoptotic HCC cells in each group.
Detection of reactive oxygen species, mitochondrial membrane potential and oxygen consumption rate Cellular reactive oxygen species (ROS) were detected by the fluorescent probe DCFH-DA (Beyotime Biotechnology, S0033) according to the manufacturer's protocols. Briefly, DCFH-DA was diluted to a final concentration of 10 mM with serum free medium. Then cell suspension was incubated with DCFH-DA at 37 C for 20 min. The fluorescence in each group was assessed by flow cytometry. For the detection of mitochondrial membrane potential, JC-1 dye was purchased from Beyotime Biotechnology (C2006)and stored in DMSO. Cells were adjusted to a density of 0.5 £10 6 /mL and stained with 2 mg/mL JC-1 for 30 min at 37 C. Cells were then resuspended and analyzed by flow cytometry. We evaluated cellular OCR using a liquid-phase oxygen electrode system and software according to the manufacturer's protocol (Hansatech Instruments, Pentney, Norfolk, UK). The amplified signal from the O 2 sensor was recorded at sampling intervals of 0.5 min.
Evaluation of fluorescent LC3B puncta HCC cells were transiently transduced with pcDNA3.1-GFP-LC3B followed by staining with MitoTracker Red FM (Molecular Probes, M22425). Autophagy was quantified by calculating the average number of GFP-LC3B puncta per cell in 5 highpower fields (HPF, 400£).
Statistical analysis
Experiments were repeated 3 times, where appropriate. Data representing mean § SEM. SPSS 17.0 software (SPSS, Chicago, IL) was used for all statistical analyses and P < 0.05 was considered significant. Unpaired Student t tests were used for comparisons between 2 groups where appropriate. Correlations between measured variables were tested by Pearson or Spearman rank correlation analyses. For prognosis analysis, variables (the IHC score of DNM1L, MFN1 and the expression ratio of DNM1L/MFN1) were divided into high or low level by the median value for further analysis. The Kaplan-Meier survival curve and log-rank test were used to distinguish subgroup patients who had different overall survival. 
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